INTRODUCTION
ment by transplanted hepatocytes for the purpose of bridging human liver failure to native regeneration was described and the patient was fully recovered (7) . These The preferred therapy for end-stage liver diseases is whole-organ transplantation. However, due to the short-findings suggest the potential use of these protocols as a method to treat genetic-based or acquired liver diseases age of organ donors and high costs, alternative therapeutic approaches have been proposed. Lately, interest has (4, 7, 20) . Unfortunately, the development reached by hepato-resurged in hepatocyte transplantation [see (35) for details], and also applied as metabolic support in liver fail-cellular transplantation is in contrast to the time-limited use of the isolated hepatocytes. At present, indefinite ure and for treatment of liver-based inborn errors of metabolism (12, 16, 26) . Engraftment of donor hepatocytes storage of hepatocytes is only possible by cryopreservation (5) . However, even the most refined of such proce-has been demonstrated in various sites other than the liver, including the spleen (21, 27) , fat pads, vascular beds, and dures is accompanied by a large loss of viability and deteriorated metabolic functions (10) . Hypothermic stor-pancreas (12) and within the peritoneal cavity (6, 15) . All methods described for hepatocyte transplantation during age is now available as another option to maintain viable and functional cells, using the University of Wisconsin the past years have not demonstrated long-term liver support, primarily because of limited growth of trans-(UW) solution originally developed for organ preservation (2) . This solution has been slightly modified (mUW) planted cells in the recipient organ (6, 18, 25) . Recently, a practical and successful method of monitoring engraft-to be used to preserve isolated hepatocytes and proved 162 SPINELLI ET AL.
to facilitate drug transport and viability of liver cells Hepatocyte Labeling (22, 24, 33) . Moreover, the procedure is easy, not too ex-A stock solution (10 mM) of 5(6)-carboxyfluorescein pensive, and does not require specialized equipment. diacetate succinimidyl-ester (CFSE; Cat. # C1157, Mo-The aim of this report was to determine whether lecular Probes, Inc., US) was prepared in 100% dimethyl mUW-preserved hepatocyte could be used for hepatosulfoxide (DMSO). Isolated hepatocytes (5 × 10 6 cells/ cellular transplantation. We investigated the biodistribuml) were suspended in minimum essential medium Eagle tion and functionality of these cells when transplanted (MEM; Sigma, Cat. # M3149) containing CFSE 10 µM in the rat spleen by morphological and biochemical and incubated for 20 min at 37°C under carbogen atmomethods. At this stage, we did not perform a quantitative sphere in a Dubnoff metabolic shaker. After labeling the analysis, as we were trying to prove mainly the feasibilcells, they were washed twice with fresh media (9) . ity of the procedure. There is little existing information Hypothermic Storage regarding the use of cold storage techniques in hepatocyte transplantation protocols, except for a study per-After labeling, hepatocytes were resuspended and formed in dogs (using the original UW solution) by Ristored in cold (4°C) mUW solution (Table 1 ) (22,24). vas (29, 30) . The ability to preserve liver cells before Hepatocytes (3-5 × 10 6 cells/ml) were washed and retransplantation would allow obtaining available hepatosuspended in mUW solution and then allowed to settle cytes at the right time and place and, consequently, makto the bottom of 50-ml screw cup polycarbonate tubes ing optimal use of scarce human liver cells. and left undisturbed at 0°C for 48 or 96 h. We chose these times based on a previous work performed in our MATERIALS AND METHODS laboratory, where we found that there is no difference Hepatocyte Isolation in viability between liver cell suspensions stored 48 h in Adult male Wistar rats weighing 250-300 g were mUW and freshly isolated hepatocytes. On the other used in all experiments. The animals were housed under hand, 96 h has been demonstrated as the time limit for 14:10-h light/dark cycles with standard pelleted rodent cell preservation under our condition (22), but we do not diet and water ad libitum and received care in compliknow the behavior of preserved cells in hepatocellular ance with international regulations. Rats were anesthetransplant. tized with sodium thiopental (70 mg/kg b.wt., IP). Hepa-Determination of Lactate Dehydrogenase tocytes were isolated by collagenase perfusion, based on (LDH) Release a procedure described by Seglen and modified by us
The activity of LDH in cell suspension (total activity) (22,34). Briefly, livers were perfused in situ for 5 min and in the supernatant (extracellular LDH) was detervia portal vein with 100 ml of a modified Hank's balanced salt solution (HBSS) supplemented with 5 mM TRIS and 0.5 mM EGTA, pH 7.40, at 37°C. The perfu- amination.
mined as described previously (22). Results were ex-phosphatase avidin-biotin complex, and developed with nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-pressed as the percentage of total enzyme activity in the extracellular medium.
indolyl phosphate.
Detection of Apoptosis Hepatocyte Transplantation
In situ apoptotic cell labeling was carried out by Wistar rats were anesthetized with ethyl ether and TUNEL method (terminal deoxynucleotidyl transferasethen hepatocellular transplantation was carried out by medited dUTP nick end labeling). Selected tissue secdirect injection of 0.3 ml of the hepatocyte suspension, tions from every condition were deparaffinized and hyprepared in MEM, containing approximately 10 7 cells drated through xylene and graded alcohol series, and through a 25-gauge needle into the splenic parenchyma treated with Proteinase K (20 µg/ml in PBS) for 10 min of syngeneic rats (27) . Studies were performed using at 25°C. The specimens were then incubated for 1 h at freshly isolated hepatocytes (control) as well as hepato-37°C in a moist chamber with the TUNEL mix [4 µM cyte suspensions stored in mUW solution 48 h (group a) biotin-14-dATP and 0.3 U/µl calf thymus terminal deoxand 96 h (group b). After transplantation, recipient aniynucleotidyl transferase (TdT) in 1× reaction buffer] mals were sacrificed at 0 and 3 h and at 1, 2, 3, 5, 10, (28). They were treated with alkaline phosphatase-avidinand 14 days for tissue analysis. The studies used multibiotin complex. The reaction was visualized by Fast Red ple groups of three to four rats each.
system and sections were counterstained with warm he-Tissue Processing matoxylin for microscopic analysis. To provide a negative control for the TUNEL, we omitted the enzyme from Livers and spleens from recipient rats were immedithe labeling mix. ately removed after the animals were euthanized. Tissues were fixed in fresh 4% formaldehyde buffered in RESULTS PBS and embedded in paraffin. Sections were cut at 5
Labeling Conditions µm thick, and either stained with hematoxylin and eosin (H&E) or May Grünwald-Giemsa (MGG) or used in fur-To unequivocally identify transplanted hepatocytes ther experiments.
within the liver in vivo, we used an intracellular fluorescent dye, CFSE. Hepatocytes obtained from at least 10 Fluorescence Microscopy separate preparations were incubated with CFSE in ali-Tissue sections were examined with an Olympus quots of 10 8 cells. In all preparations, more than 80% of microscope (BH2-RFCA model; Olympus Corp., Lake labeled hepatocytes excluded trypan blue and showed Success, NY) fitted with a mercury lamp and filters to less than 5% of LDH release. In general, when hepatoidentify fluorescein-labeled cells (B cube: exciter filter = cytes were incubated for 20 min with CFSE 10 µM, it BP490+EY455, barrier filter = AFC+O515).
was incorporated by 79 ± 5% (n = 6) of total cells, as assessed by fluorescence microscopy.
Detection of Albumin Protein in the Liver
Hepatocyte viability was well maintained during cold Albumin protein was detected by immunohistochemistorage of labeled cell suspensions for up to 96 h (TBE = cal methods. Sections were deparaffinized and hydrated 76.7 ± 3.4%, LDH released after 96 h in mUW = 17.4 ± through xylene and graded alcohol series, and nonspe-4.2%, n = 6) and the fluorescence intensity did not decific sites were blocked with 5% casein in PBS. Then, crease during preservation. tissue sections were immunostained using sheep anti-Morphological Localization human albumin IgG antibodies (Serotec Ltd., US, Cat.
of Transplanted Hepatocytes # AHP102) and an alkaline phosphatase avidin-biotin complex method (Vectastain ABC-AP Kit). The reaction Labeled cells were easily located using fluorescent microscopy, even 14 days after transplantation. All rats was visualized by Fast Red system and sections were counterstained with warm hematoxylin for microscopic survived until sacrificed and gained weight similar to sham-operated rats (native controls). analysis. As routine, a slice without specific antibody was run as a negative control. Antibody specificity was
In control group, clusters of transplanted hepatocytes, with cord-like structures, were detected in the red pulp tested by Western blot analysis. Rat serum proteins were electrophoretically separated on a sodium dodecyl sul-of recipient spleens (Fig. 1A) . In the liver, fluorescent cells were located inside intrahepatic portal spaces im-fate/10% polyacrilamide gel according to Laemmli (1) and then electroblotted onto a nitrocellulose membrane. mediately after intrasplenic injection. Large numbers of transplanted cells were present at 24 h within interlobu-This membrane was blocked with 5% casein in PBS, incubated 2 h with specific antibody (1/10,000), and then lar branches of portal veins (Fig. 1B) . However, after 48 h, CFSE-labeled hepatocytes were exclusively found with biotinylated anti-sheep IgG antibody and alkaline within the liver parenchyma. These findings were in Immunohistology agreement with previous studies (13, 14, 19) .
To study the ability of transplanted cells to perform When mUW-preserved hepatocytes were transplanted a unique hepatocyte biochemical function, albumin syn-(either group a or group b), results were similar to those thesis was examined. As illustrated in Figure 3A and observed in the control group. For this reason, we orga-B, transplanted hepatocytes were positive for albumin nized the figures in temporal order, regardless of which immunostaining in both spleen and liver. Given the fact preservation condition was tested.
that hepatocytes are unable to store albumin, these find-Our data showed that, initially, big clusters of hepatoings suggest that transplanted cells retain the ability to cytes were found within the spleen ( Figs. 2A and 3A) synthesize this protein. Usually, more than 98% of transwhile at later time points after transplantation the fluoplanted cells shows the presence of albumin, with no rescent cells were arranged in cords in the areas surdifference between groups. rounding the white pulp (Fig. 2B) . Interestingly, fluores-Anti-human albumin IgG antibodies were used in cent debris was visualized in group b spleen biopsies these studies. Antibody specificity for rat albumin was between 0 and 24 h after transplantation ( Fig. 2A) .
documented by the results from Western blot analysis In the liver, intrasplenically injected hepatocytes ap-( Fig. 3C) showing positive reaction bands only at a corpeared within the portal vascular beds immediately after responding molecular mass of 67 kDa. transplantation. Transplanted cells that were originally in hepatic sinusoids were incorporated to liver cell plate DISCUSSION within 24-48 h. Fluorescent hepatocytes were clustered in large groups throughout the liver (Fig. 3B) , surrounded Hepatocyte transplantation is a conceptually appealing method of treatment for acute hepatic failure and by scarce inflammatory infiltrates, consisting mainly of neutrophils and eosinophils (assessed by May Grünwald-inherited metabolic diseases. The use of cells to repopulate a devastated liver or replace hepatic enzyme defects Giemsa staining). On the other hand, microscopical observation and TUNEL results demonstrated the absence rather than whole-organ grafting has many potential advantages, including technical simplicity, safety, and the of apoptotic bodies within the clusters, although occasional TUNEL-positive cells could be visualized within use of cells from a single liver donor into multiple recipients. However, the use of isolated hepatocytes for thera-the liver parenchyma (data not shown), but there was no difference with the presence of cells in apoptosis from peutic purposes relies on the separation and storage of a high number of mammalian hepatocytes. Undoubtedly, normal livers (8) .
At 72 h or later, no inflammatory cells were observed the cold preservation of hepatocytes both facilitates the pooling of these cells and avoids time limitations in the in recipient tissues and transplanted hepatocytes appeared integrated into the hepatic parenchyma (Fig. 2C, D) . In-use of hepatocyte suspensions. UW cold storage is not only a good preservation system for intact organs (2) but terestingly, when 96-h mUW-preserved hepatocytes were transplanted, no inflammatory infiltrate was ob-also for isolated rat hepatocytes, making it possible to preserve liver cells up to 96 h after isolation (11, 22 ,31, served, although the amount of hepatocytes detected in the liver after 24-48 h was smaller than that found in 32). In an attempt to address the feasibility of using cold storage techniques in hepatocyte transplantation proto-group a. cols, we studied the evolution of mUW-preserved hepa-deleterious effects on cell viability. The results also demonstrated that fluorescence intensity remains stable tocytes after transplantation.
A variety of transplantation routes have been de-during preservation time. After transplantation, CFSE-labeled hepatocytes were scribed for the implantation of hepatocytes. Among these, injection of hepatocytes into the portal vasculature clearly identifiable in the recipient tissues. This allowed us to investigate the evolution in biodistribution of or into the spleen has been applied most frequently. After both intraportal and intrasplenic transplantation, mUW-preserved hepatocytes transplanted in the rat spleen. Our results showed no significant differences the liver acts as a target organ for the transplanted cells to engraft (13, 14) . However, the assessment of engraft-when either cold stored or freshly isolated hepatocytes were transplanted. In addition, functional activity of ment of transplanted hepatocytes in the recipient liver is compromised by the inability to distinguish between transplanted cells was demonstrated by immunohistochemical detection of albumin at levels comparable to host and transplanted liver cells. Hepatocyte labeling with either radioactive or fluorescent agents permits track-those found in normal hepatocytes. Thus, our findings established that cold preserved hepatocytes appeared ing of the cells for subsequent analysis (9, 12, 17, 23) . In this study, donor cell labeling was performed with an morphologically and biochemically normal after intrasplenic transplantation. intracellular fluorescent dye, CFSE. This lipophilic molecule is only minimally fluorescent until it is transported Two phenomena observed in our experiments have to be further explained. First, hepatocytes surrounded by into the cell, where esterases cleave the acetyl groups and the molecule consequently becomes markedly fluo-inflammatory infiltrates were visualized at 24-48 h after transplantation. Previous studies documented that inte-rescent. The succinimidyl ester group covalently binds to amines, anchoring the dye intracellularly. Our in vitro gration of transplanted hepatocytes takes place by temporal disruption of liver parenchyma (13) . We speculate studies showed that more than 75% of rat hepatocytes can be successfully labeled with CFSE, and preserved that neutrophils observed within the infiltrates are involved in clearance of unengrafted cells. Moreover, our in mUW solution for up to 96 h after isolation with no data also showed that loss of transplanted cells during phase I pilot study evaluating the safety and feasibility of hepatocyte transplant for acute liver failure in five this process is not accomplished through apoptosis. Second, fluorescent debris was visualized in the spleen after patients who were not candidates for liver transplantation, using cryopreserved human hepatocytes (3). A pre-transplantation of 96-h mUW-preserved hepatocytes, and only a few labeled cells were detected in the liver vious work (36) showed splenic transplantation of differentiated adult hepatocytes can control hyper-ammonemia, after 24-48 h. These findings led to our hypothesis that nonviable cells are eliminated in the spleen (which results correct genetic defects in liver function, and bridge life to orthotopic liver transplantation in human liver failure. in fluorescent debris), and therefore a small fraction of hepatocytes translocates into the liver. Nevertheless, re-In summary, the data presented here indicate that UW modified solution makes it possible to safely preserve he-maining hepatocytes appeared normal both morphologically and biochemically.
patocytes for up to 96 h before transplantation, perhaps allowing sufficient time for hepatocyte allocation and These preliminary results demonstrate the feasibility of transplanting cold stored hepatocytes, although fur-preparation of potential recipients, if applicable clinically. ther studies are necessary to determine their ability to models with hepatic failure. Another potential application of these results is the possibility to have viable and REFERENCES functional hepatic cells that, with a very simple procedure, are ready to be used in cellular transplant or for
